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DORUVV¶DFFXPXOHUjson extrémité tandis que les anions vont effectuer un déplacement inverse 
HQV¶DFFXPXODQWjO¶LQWpULHXUGXFDSLOODLUHMXVTX¶jV¶R[\GHUjVDVXUIDFH 
 
F igure 1.7 : Schéma simplifié du fonctionnement d'une source électrospray (d'après [51]) 
Les cations vont être aWWLUpVSDUO¶pOHFWURGHQpJDWLYHFRQWUH-électrode) et les anions par 
O¶pOHFWURGH SRVLWLYH FDSLOODLUH /D VpSDUDWLRQ GHV FKDUJHV YD LQGXLUH XQH GpIRUPDWLRQ GX
OLTXLGH j O¶H[WUpPLWp GXFDSLOODLUH GpIRUPDWLRQ TXLPHW HQ MHX XQ pTXLOLEUH HQWUH OHV IRUFHV
électrostatiques (répulsives) et la tension de surface (attractive) du liquide. Lorsque les forces 
électrostatiques atteignent la valeur de la tension de surface du liquide, la déformation est 
conique et porte le nom de « cône de Taylor ». Une faible augmentation du champ électrique 
suffit alors pour déstabiliser le cône qui se rompt à son extrémité, dispersant la solution en 
nombreuses gouttelettes multichargées. Après cette étape, les gouttelettes se déplacent sous 
O¶LQIOXHQFHGXFKDPSpOHFWULTXH 
x Processus G¶pYDSRUDWLRQGXVROYDQWHWH[SORVLRQVFRXORPELHQQHV 
/HV JRXWWHOHWWHV LVVXHV GX F{QH GH 7D\ORU YRQW VH GpSODFHU YHUV O¶LQWHUIDFH GX
spectromètre de masse, entrer en collision avec le gaz résiduel et subir une évaporation du 
solvant alors que le nombre de FKDUJHVUHVWHFRQVWDQW/¶pYDSRUDWLRQGXVROYDQWHVWIDYRULVpH
SDU OD WHPSpUDWXUH VRXYHQWpOHYpHGXFDSLOODLUHG¶HQWUpH &/DGLPHQVLRQGX UD\RQ5
GHV JRXWWHOHWWHV SRVVpGDQW XQH FKDUJH FRQVWDQWH T FRQGXLW j O¶DXJPHQWDWLRQ GH OD UpSXOVLRQ
électrostatiTXH GHV FKDUJHV j VD VXUIDFH MXVTX¶j DWWHLQGUH OD OLPLWH GH VWDbilité de Rayleigh 
donnée par : 
qR = 8 ʌ( Ȗİ0 R3)1/2 
DYHFȖODWHQVLRQVXSHUILFLHOOHVWDELOLVDQWODJRXWWHİ0 la permittivité du vide et R le rayon de 
densité de charge. 
Cette équation donne les conditions pour lesquelles les forces de répulsion 
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proteins from complex biological samples that additionally
requires minute amounts of sample (femtomole to attomole)
(Godovac-Zimmermann & Brown, 2001; Aebersold & Mann,
2003). Its combination with the unique resolving power of 2-
DGE and in-gel trypsin digestion enables quantitative expression
profiling of large sets of complex protein mixtures, based on
large-scale gel analysis (Go¨rg, Weiss, & Dunn, 2004). 2-DGE,
the most popular tool to explore neurodegenerative disorders,
remains an efficient technique that allows not only a screening for
abundant-protein changes in various diseases, but also for
alterations in metabolic pathways. The major advantage of
2-DGE lies in its potential to simultaneously resolve thousands of
proteins, at the same time revealing their MW, pI, and reflecting
changes in protein expression and isoforms. However, one should
remember that a significant number of spots on a gel probably
consist of more than one protein. The notable strength of the
system is the capability to identify PTMs and to omit the
limitations of immunochemical detection methods (Castegna
et al., 2002). Approaches that took advantage of 2-DGE profiling
andMS analysis were applied to identify oxidized proteins in AD
(Castegna et al., 2002, 2003 Korolainen et al., 2002) and to find
alterations in the expression of proteins linked to apoptosis and
neuronal death that could contribute to neurodegenerative
disorders (Tilleman et al., 2002). 2-DGE was also applied to
identify alterations in proteins associated with Down syndrome
(Engidawork & Lubec, 2003), Huntington’s disease (HD) (Zabel
FIGURE 6. Consecutive steps during discovery of bioactive sequences.
FIGURE 7. Different strategies for proteomic studies.
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gi|4503747 filamin B, beta (actin binding protein 
gi|4503745 filamin A, alpha (actin-binding protein
gi|12667788 myosin, heavy polypeptide 9, non-mu
gi|4507907 von Willebrand factor precursor; Coa
gi|14916725 Talin 1
gi|4557597 filamin C, gamma (actin-binding prot
gi|1346640 Cellular myosin heavy chain, type B (N
gi|1362789 DNA-activated protein kinase, catalyt
gi|4505877 plectin 1, intermediate filament bindin
gi|16933542 fibronectin 1 isoform 1 preproprotein
gi|4507195 spectrin, beta, non-erythrocytic 1 isofo
gi|4758012 clathrin heavy chain; clathrin, heavy p
gi|10834587 fer-1 like protein 3 [Homo sapiens]
gi|4506787 IQ motif containing GTPase activatin
gi|4758294 glutamyl-prolyl tRNA synthetase; glut
gi|1345959 Fatty acid synthase
gi|7512790 hypothetical protein DKFZp564P0562
gi|1170510 Eukaryotic translation initiation facto
gi|2135874 p53-binding protein 1 - human (fragm
gi|1346682 Nestin
gi|6681259 multimerin [Homo sapiens]
gi|10436768 unnamed protein product [Homo sap
gi|18105007 carbamoylphosphate synthetase 2/asp
gi|280833 Myl protein – human
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0/,,8'3!ULK#336&/-d!MBfGW!$&k2'!\!0'3!4/$#2#'43!3782#Q#C%'3!U5.32/-d!6&/37'2-/&d!6&/Q/%,0WA!
Y,! Q/,2-#/,! 0%! ,/+1&'! 0'! 7'7-#0'3! #0',-#Q#83d! 0'! 4=82.&-! 0'! +.33'! 'P78&#+',-.4'! '-!
-D8/&#C%'!'-!0%!7/%&2',-.$'!0'!&'2/%9&'+',-!0'!4.!38C%',2'!7&/-8#C%'d!4.!7&/-8#,'!7/%&&.!
i-&'!#0',-#Q#8'!U"#$%&'!(TWA!!




M8.,+/#,3! 4=#0',-#Q#2.-#/,! 7.&! 2'--'! 3-&.-8$#'! 7'%-! 82D/%'&! ',! 2.3! 0'!+/0#Q#2.-#/,3! 7/3-^
-&.0%2-#/,,'44'3d!0=%,!&'2/%9&'+',-!#,3%QQ#3.,-!0'!4.!38C%',2'!7&/-8#C%'!/%!0=.13',2'!0'!4.!
7&/-8#,'! 0'3! 1.,C%'3! 0'! 0/,,8'3A! J.! 7&83',2'! 0'! 74%3#'%&3! 7&/-8#,'3d! 0.,3! 4=82D.,-#44/,!
.,.4@38d! 9.! .%33#! 2/+74#C%'&! 4'3! #0',-#Q#2.-#/,3!l! 0=/t! 4=#+7/&-.,2'! 0=%,'! 387.&.-#/,!
7&8.4.14'A!
Y,! 2.3! 0=#+7/33#1#4#-8! 0=#0',-#Q#2.-#/,d! %,! 38C%',b.$'! 7'7-#0#C%'! 7.&! 37'2-&/+8-&#'! 0'!
+.33'!',!-.,0'+!U5Lc5LW!3'&.!#,0#37',3.14'!.Q#,!0=#0',-#Q#'&!4.!7&/-8#,'A!
4J 3"*)5W2"'i-M"*O"O(&/&W2"*O-$*7+<7+*_j-(")`*;'M*"(*-1J*Laa^V*







Q&.$+',-3! 2/,382%-#Q3!0'!+i+'! -@7'! U1!/%!@W! 3%&! 4'! 37'2-&'!5Lc5L!2/&&'37/,0!0/,2!\! 4.!
+.33'!0=%,!.2#0'!.+#,8A!J=#,-'&7&8-.-#/,!0'3!37'2-&'3!5Lc5L!'3-!&'4.-#9'+',-!.#38'!$&k2'!
.%P!/%-#43! #,Q/&+.-#C%'3!0#37/,#14'3! U"#$%&'!(XWA!Y,!'QQ'-d!0'! 4.!+i+'!+.,#>&'!C%=#4!'P#3-'!
0'3! 4/$#2#'43! 0'! &'2D'&2D'! 7/%&! 2/+7.&'&! 4'3! 4#3-'3! 0'! +.33'3! 7'7-#0#C%'3! -D8/&#C%'3! '-!
'P78&#+',-.4'3d!#4!'P#3-'!.%33#!0'3!/%-#43!#,Q/&+.-#C%'3!C%#!2/+7.&',-!4.!4#3-'!0'3!+.33'3!0'3!
Q&.$+',-3!7'7-#0#C%'3!/1-',%3!.9'2!4'3!4#3-'3!0'!+.33'3!-D8/&#C%'3d!/%!',2/&'!0'3!+/-'%&3!
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::!





j-#4#38'! ',! 24#,#C%'! 0.,3! 4'! 1%-! 0'! +'--&'! ',! 89#0',2'! 0'3! 0#QQ8&',2'3! 0='P7&'33#/,!
7&/-8#C%'! 0.,3! 0#QQ8&',-'3! 7.-D/4/$#'3d! 4.! 37'2-&/+8-&#'! 0'! +.33'! '3-! 0'9',%'! %,! /%-#4!
7%#33.,-! 7/%&! 4.! C%.,-#Q#2.-#/,! 0'3! 7&/-8#,'3! $&k2'! \! 3.! D.%-'! 3',3#1#4#-8d! 3.! &.7#0#-8!
0='P82%-#/,! '-! 3.! 3782#Q#2#-8A! f#',! C%=%,'! C%.,-#Q#2.-#/,! &'4.-#9'! 7.&! 0',3#-/+8-&#'! 7%#33'!
i-&'!&8.4#38'!3%&!4'3!$'43!:?d!'44'!&'3-'!+/#,3!3',3#14'!'-!4#+#-8'!.%P!7&/-8#,'3!.22'33#14'3!7.&!




B='3-! 7/%&C%/#! 0'3! -'2D,#C%'3! 0'!+.&C%.$'! 2D#+#C%'! #3/-/7#C%'! 2/++'! 4=G3/-/7'! B/0'0!
*QQ#,#-@! N.$! UGB*NW! UO@$#d! e#3-! '-! .4A! (ZZZWd! ULD##/! .,0! *'1'&3/40! :;;TWd! 4=G3/1.&#2! N.$! Q/&!
e'4.-#9'!.,0!*13/4%-'!]%.,-#-.-#/,!U#Ne*]Wd!Up#'3'd!e'#0'$'40!'-!.4A!:;;XW!Up%!'-!.4!:;;TWd!
4'!L-.14'! G3/-/7'!J.1'44#,$!1@!*+#,/!.2#0! #,!B'44!B%4-%&'! ULGJ*BW! U_,$d!f4.$/'9!'-!.4A!:;;:W!
U]#%!'-!p.,$!:;;SW!/%!',2/&'!4.!+8-D/0'!*13/4%-'!]%.,-#Q#2.-#/,!U*]j*W!UO@$#d!e#3-!'-!.4A!
(ZZZWd!/,-!8-8!089'4/778'3!',!9%'!0'!C%.,-#Q#'&!4'3!7&/-8#,'3!7.&!37'2-&/+8-&#'!0'!+.33'A!
f#',! C%='44'3! 3/#',-! 7'&Q/&+.,-'3! '-! 7&82#3'3d! 2'3! .77&/2D'3d! %-#4#3.,-! 0'3! +.&C%.$'3!
#3/-/7#C%'3d! 7&83',-',-! 74%3#'%&3! #,2/,98,#',-3! -'43! C%=%,! 2/}-! &'4.-#9'+',-! 84'98! '-!
4=#+7/33#1#4#-8!0'!2/+7.&'&!0'!$&.,0'3!38&#'3!0=82D.,-#44/,3A!
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4J 3-*W2-'(&\&%-(&,'*)-')*#-$W2-M"*,2*k*1-4"1*\$""*lJ*
64%3! &82'++',-d! %,'! -'2D,#C%'! 3.,3! +.&C%.$'! 0#-'! w!C%.,-#Q#2.-#/,! 4.1'4! Q&''!x! .! 8-8!
#,-&/0%#-'! Up.,$d! p%! '-! .4A! :;;TWd! U_,/d! LD#-.3D#$'! '-! .4A! :;;TWl! '44'! 7&83',-'! %,! $&.,0!
#,-8&i-! 2.&! '44'! 7'&+'-!%,'!C%.,-#Q#2.-#/,! &'4.-#9'! Q#.14'!0'3!7&/-8#,'3! 2/,-',%'3!0.,3!%,!
,/+1&'!1'.%2/%7!74%3! $&.,0!0=82D.,-#44/,3! -/%-! ',! &80%#3.,-! 2/,3#08&.14'+',-! 4'3! 2/}-3!
0=.,.4@3'A! B'--'! -'2D,#C%'! .! 8-8! 7&#9#48$#8'! 0.,3! 2'! -&.9.#4! 0'! -D>3'! 3%#-'! \! ,/-&'!
2/44.1/&.-#/,!8-&/#-'!.9'2!4'!4.1/&.-/#&'!0%!?&!f'&,.&0!5/,3.&&.-!\!N/%4/%3'A!!
J.! C%.,-#Q#2.-#/,! w!4.1'4! Q&''!x! 3'! 1.3'! 3%&! 4.! 2/+7.&.#3/,! 0'3! #,-',3#-83! 0'3! 3#$,.%P!5L!
08-'2-83! 4/&3! 0'! 4=.,.4@3'! #,0#9#0%'44'! 0'! 2D.C%'! 82D.,-#44/,A! J=.,.4@3'! 0'3! 0/,,8'3! 5L!
2/,3#3-'!\!%-#4#3'&!2/++'!7/#,-!0'!087.&-! 4'3! &83%4-.-3!0=#0',-#Q#2.-#/,!5Lc5LA!*!7.&-#&!0'!
2'3! &83%4-.-3!0=#0',-#Q#2.-#/,!9.4#083d! 4'3! 3#$,.%P!5L!0'3!7'7-#0'3! 3/,-!'P-&.#-3! 3/%3! Q/&+'!
0=%,! 2/%&.,-! #/,#C%'! /%! ÅGB! UYP-&.2-'0! G/,! BD&/+.-/$&.+WA! J=.#&'! 3/%3! 4.! 2/%&1'! 0%! 7#2!
2D&/+.-/$&.7D#C%'! '3-! 4'! ÅGB! '-! '44'! '3-! 7&/7/&-#/,,'44'! \! 4=.1/,0.,2'! 0%! 7'7-#0'! 0.,3!
4=82D.,-#44/,! U_,$! .,0!5.,,! :;;aWA! B'--'!+8-D/0'! 2/,3#3-'! 0/,2! \! 'P-&.#&'! 4=#,-',3#-8! 0%!





A56"1,OO"#"'(* /R2'"* )($-(5M&"* O,2$* 1R-'-1T)"*
O$,(5,#&W2"* /2* (&))2* %5$54$-1! "#! $"$%&
Résultats I : La SCP : une opportunité pour l’analyse protéomique du cerveau vivant.   
:R!




O&k2'! .%!089'4/77'+',-! 'P7/,',-#'4! 0'! 4.! 37'2-&/+8-&#'! 0'!+.33'd! 4.! 7&/-8/+#C%'! 3='3-!
&89848'! i-&'! %,! /%-#4! 7%#33.,-d! #,0#37',3.14'! \! 4=#0',-#Q#2.-#/,! '-! \! 4.! C%.,-#Q#2.-#/,! 0'3!
7&/-8#,'3! ',! 9%'! 0'! 08-'2-'&! 0'3! +/0#Q#2.-#/,3! .33/2#8'3! \! %,! 8-.-! 7.-D/4/$#C%'A! Y44'! .!
,.-%&'44'+',-! 3%32#-8! 4=#,-8&i-! 0'! ,/+1&'%P! $&/%7'3! 0'! &'2D'&2D'! .@.,-! 7/%&! /1['2-#Q!
4=.,.4@3'! 7&/-8/+#C%'! 0%! 2'&9'.%! D%+.#,! UvD.,$d! V'','! '-! .4A! :;;SWd! ULD#d! B.%04'! '-! .4A!
:;;ZWA! Y,! 'QQ'-d! 4=.,.4@3'! 7&/-8/+#C%'! 0%! 2'&9'.%! D%+.#,! '3-! 4.! 7&'+#>&'! 8-.7'! 9'&3! 4.!
2/+7&8D',3#/,!0'! 4.! 3-&%2-%&'!'-!0'! 4.! Q/,2-#/,!28&81&.4'A!B/,-&.#&'+',-!\! 4.!74%7.&-!0'3!
/&$.,'3! 0%! 2/&73! D%+.#,d! 4'! 2'&9'.%! '3-! D.%-'+',-! /&$.,#38! 3-&%2-%&'44'+',-! '-! 2D.C%'!
3-&%2-%&'! '3-! .33/2#8'! \! %,'! Q/,2-#/,! 3782#Q#C%'A! B'--'! 3782#Q#2#-8! Q/,2-#/,,'44'! 0'3!
3-&%2-%&'3!'P74#C%'!4.!9%4,8&.1#4#-8!0'!&8$#/,3!28&81&.4'3!1#',!0#3-#,2-'3!0.,3!4'3!0#QQ8&',-'3!
+.4.0#'3! ,'%&/08$8,8&.-#9'3A! J=.,.4@3'! 7&/-8/+#C%'! 0'! 2'3! &8$#/,3! 7.-D/4/$#C%'3! '3-! ',!
',['%! +.['%&! \! 4.! 2/+7&8D',3#/,! 0'3! +82.,#3+'3! +/482%4.#&'3! .33/2#83! \! 4.!





387.&8'3! '-! C%.,-#Q#8'3! 7.&! :^?Yd! '-! #0',-#Q#8'3! 7.&!5*J?G^N_"^5LA! B'--'! 8-%0'! .! 7'&+#3!
4=#0',-#Q#2.-#/,!0'!RR!7&/-8#,'3!0/,-!Z!.9'2!%,!-.%P!0='P7&'33#/,!3#$,#Q#2.-#9'+',-!0#QQ8&',-!
',-&'! 4'3!0'%P!$&/%7'3A!6.&+#! 2'3!7&/-8#,'3d! 4.! 3%&'P7&'33#/,!0'! 4.!7'&/P#&'0/P#,! GG! U".,$d!
M.F.+%&.! '-! .4A! :;;XWd! 0%! 2/+74'P'! GGG! U%1#C%#,/4! 2@-/2D&/+'! 2! &'0%2-.3'W! '-! g! U*N6!
3@,-D.3'W!0'! 4.!+#-/2D/,0&#'! U5#E%,/d!z/3D#,/!'-!.4A!(ZZSWd! [/%.,-! -/%-'3! 4'3! -&/#3!%,!&n4'!
0.,3!4.!&8$%4.-#/,!0%!3-&'33!/P@0.-#Qd!.!8-8!/13'&98'!0.,3!4'!$&/%7'!7.-D/4/$#C%'d!2/,Q/&-.,-!
.#,3#!4='P#3-',2'!0=%,!3-&'33!/P@0.-#Q!.22&%!0.,3!4.!56!Uq',,'&!.,0!_4.,/K!(ZZTWd!U_&-D!.,0!
Résultats I : La SCP : une opportunité pour l’analyse protéomique du cerveau vivant.   
:a!
L2D.7#&.!:;;:WA!L%#-'!\!2'--'!8-%0'd!0=.%-&'3!-&.9.%P!3=#,-8&'33.,-!\! 4=.,.4@3'!7&/-8/+#C%'!




7&/-8#C%'! 0'! 0#QQ8&',-3! ,/@.%P! 0%! 2'&9'.%! 7/3-^+/&-'+A! Y,! 'QQ'-d! (:T<d! (STR! '-! :RZa!
7&/-8#,'3!0#QQ8&',-'3!/,-!7%!i-&'!&'37'2-#9'+',-! #0',-#Q#8'3!0.,3! 4.!LM2!UV#-3/%d!6.,!'-!.4A!
:;;SWd! 4'!2/&-'P! Q&/,-.4! ULD#d! q#,!'-!.4A!:;;SWd!'-! 4'! 4/2%3!2'&%4'%3! U9.,!?#[Fd!f'&',03'!'-!.4A!
:;(:WA!Y,!7.&.44>4'd!2'3!8-%0'3!'-!0=.%-&'3!/,-!+#3!',!89#0',2'!0'3!0#QQ8&',2'3!0='P7&'33#/,!
7&/-8#C%'!',-&'! 4'! $&/%7'!7.&F#,3/,#',!'-! 4'! $&/%7'! 2/,-&n4'd! 2/,Q/&-.,-! 4='P#3-',2'd! 0=%,!
3-&'33! /P@0.-#Q! .22&%d! 0=%,! 0@3Q/,2-#/,,'+',-! +#-/2D/,0&#.4! '-! 0=%,'! .4-8&.-#/,! 0%!
7&/-8.3/+'d!'-!7&/7/3.,-!.%33#!0'!,/%9'44'3!7&/-8#,'3!7/-',-#'44'+',-! #+74#C%8'3!0.,3! 4.!
7.-D/$',>3'!0'! 4.!56A!B='3-! 4'!2.3!0'3!8-%0'3!0'!q#,!'-!)%*# Uq#,d!h%4'--'!'-!.4A!:;;TWd!'-!0'!
J#2F'&!'-!)%*!UJ#2F'&d!B/-'!'-!.4A!:;(:W!C%#!/,-!&'37'2-#9'+',-!08+/,-&8!4.!3/%3!'P7&'33#/,!0'!
4.! +/&-.4#,'! +#-/2D/,0&#.4'd! '-! 4.! 3%&'P7&'33#/,! 0'! 4.! BM?6:! U2@-/3/4#2! ,/,! 37'2#Q#2!
0#7'7-#0.3'!:W! 0.,3! 4.! LM2!0'!7.-#',-3!7.&F#,3/,#',3! ',!7/3-^+/&-'+A! J.! 2/,Q#&+.-#/,!0'!
2'3!&83%4-.-3!7.&!0=.%-&'3!8-%0'3!3'&.!,82'33.#&'!.9.,-!0'!3=#,-8&'33'&!\!4.!Q/,2-#/,!7&82#3'!
0'!2'3!7&/-8#,'3!'-!\!4'%&!#+74#2.-#/,!0.,3!4'!7&/2'33%3!08$8,8&.-#QA!
Y,! &83%+8d! 4=.,.4@3'! 7&/-8/+#C%'! 0%! -#33%! 28&81&.4! 7/3-! +/&-'+! 0.,3! 4.! 56! .! 7'&+#3!
0=#,#-#'&! 4.! 2.&-/$&.7D#'! 7&/-8#C%'! 0%! 2'&9'.%d! \! -&.9'&3! 4=#0',-#Q#2.-#/,! 0'3! 7&/-8#,'3!
2/,-',%'3! 0.,3! 4'3! 0#QQ8&',-'3! 3-&%2-%&'3! 8-%0#8'3A! Y44'! .! .%33#! 7'&+#3! 0'! +'--&'! ',!
89#0',2'! 0'3! 0#QQ8&',2'3! 0='P7&'33#/,! 7&/-8#C%'! 4#8'3! \! 4.! 56! 7.&! 0'3! .77&/2D'3! 0'!
7&/-8/+#C%'! C%.,-#-.-#9'A! J=#0',-#Q#2.-#/,! 0'! 7&/-8#,'3! 08[\! 082&#-'3! 2/++'!
7/-',-#'44'+',-!.33/2#8'3!\!4.!7.-D/$8,>3'!0'!4.!+.4.0#'!+.#3!.%33#!4.!+#3'!',!89#0',2'!0'!
,/%9'44'3!7&/-8#,'3!-'44'3!C%'!4.!+/&-.4#,'!'-!BM?6:!/,-!2/,Q/&-8!4=#+74#2.-#/,!0'!7&/2'33%3!
1#/4/$#C%'3! -'43! C%'! 4'! 3-&'33! /P@0.-#Q! '-! 4'! 0@3Q/,2-#/,,'+',-! +#-/2D/,0&#.4! 0.,3! 4.!
7.-D/$8,>3'!0'!4.!+.4.0#'A!!
B'3! &83%4-.-3! 2/,Q#&+',-! 4'! Q/&-! 7/-',-#'4! 0'! 2'--'! .77&/2D'!'-! /%9&',-! 4.! 9/#'! \! 4=.,.4@3'!
7&/-8/+#C%'! 0=.%-&'3! &8$#/,3! 28&81&.4'3! 0#&'2-'+',-! /%! #,0#&'2-'+',-! .QQ'2-8'3d! 0.,3! 4.!
56d! 7.&! 4.! 08$8,8&'32',2'! 0/7.+#,'&$#C%'! 0'! 4.! LM2A! Y,! 'QQ'-d! 0'3! 8-%0'3!
84'2-&/7D@3#/4/$#C%'3! &8.4#38'3! 2D'E! 4=.,#+.4! '-! 4'! 7.-#',-d! /,-! +/,-&8! C%'! 4.!
08$8,8&'32',2'!0'! 4.!LM2!0.,3! 4.!56!',-&.o,'!%,'!+/0#Q#2.-#/,!0%! Q/,2-#/,,'+',-!0'! 4.!
Résultats I : La SCP : une opportunité pour l’analyse protéomique du cerveau vivant.   
:T!
1/%24'! +/-&#2'! 0%! 2#&2%#-! 0'3! $.,$4#/,3! 0'! 4.! 1.3'd! 3'! -&.0%#3.,-! 7.&! 4=.77.&#-#/,! 0=%,'!
.2-#9#-8! 84'2-&#C%'! ,'%&/,.4'! .,/&+.4'! .%! 3'#,! 0'3! 3-&%2-%&'3! 0'! 2'--'! 1/%24'! U_1'3/d!
e/0&#$%'E^_&/E! '-! .4A! :;;SWd! Uf4.,0#,#d!M.77#! '-! .4A! :;;;WA!*%33#d! 4=.,.4@3'!7&/-8/+#C%'!0'!
2'3! ,/@.%P! 0/,-! 4=.2-#9#-8! ,'%&/,.4'! '3-!+/0#Q#8'! 0.,3! 4.!56! 2/,3-#-%'! %,! #,-8&i-!+.['%&!
.Q#,! 0=8-.14#&! 0'3! 7&/Q#43! 7&/-8#C%'3! 7.-D/4/$#C%'3! ',! 2/+748+',-! 0'3! 7&/Q#43!
84'2-&/7D@3#/4/$#C%'3!/13'&983!0.,3!4.!56A!J'3!#,Q/&+.-#/,3!.77/&-8'3!7.&!4.!7&/-8/+#C%'!
9#',0&.#',-! .#,3#! 2/+748-'&! 4'3! 0/,,8'3! 0=84'2-&/7D@3#/4/$#'d! 08[\! 082&#-'3! 0.,3! 4.!
4#--8&.-%&'!Uf&/K,!:;;<W!'-!.2C%#3'3!!"#(!('!2D'E!4=D%+.#,!0'7%#3!74%3!0'!:;!.,3d!.%!2/%&3!0'!




J.! 3-#+%4.-#/,! 28&81&.4'! 7&/Q/,0'! 0%! ,/@.%! 3/%3^-D.4.+#C%'! ULNMW! \! (<;! hE! 3='3-!
&.7#0'+',-!#+7/38'!2/++'!4'!-&.#-'+',-!2D#&%&$#2.4!0'!&8Q8&',2'!0'3!3@+7-n+'3!+/-'%&3!
0'! 4.!56! Uf',.1#0d! BD.1.&0'3! '-! .4A! :;;ZWA! Y44'! 2/,3#3-'! \! 084#9&'&! %,! 2/%&.,-! 84'2-&#C%'!





+#2&/84'2-&/0'3! 9/,-! 7'&+'--&'! 4=',&'$#3-&'+',-! 84'2-&/7D@3#/4/$#C%'! 0'3! &8$#/,3!
28&81&.4'3!-&.9'&38'3d!7'&+'--.,-!0'!3'!&'78&'&![%3C%=.%!LNM!$&k2'!\!4.!3#$,.-%&'!84'2-&#C%'!
3782#Q#C%'!0'3!,/@.%P!-&.9'&383!U"#$%&'!(SWA!j,'!3-#+%4.-#/,!84'2-&#C%'!$8,8&8'!\!4.!7/#,-'!
0'! 2D.2%,'! 0'3! +#2&/84'2-&/0'3! 9.! 08-'&+#,'&! 4.! E/,'! 0%! LNM! 4.! 74%3! 7&/7#2'! \! 4.!
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Résultats I : La SCP : une opportunité pour l’analyse protéomique du cerveau vivant.   
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Résultats I : La SCP : une opportunité pour l’analyse protéomique du cerveau vivant.   
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Résultats II : Validation d’un nouvel outil pour la capture in vivo de tissu cérébral.   
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ABSTRACT: Access to cerebral tissue is essential to better
understand the molecular mechanisms associated with neuro-
degenerative diseases. In this study, we present, for the ﬁrst
time, a new tool designed to obtain molecular and cellular
cerebral imprints in the striatum of anesthetized monkeys. The
imprint is obtained during a spatially controlled interaction of a
chemically modiﬁed micro-silicon chip with the brain tissue.
Scanning electron and immunoﬂuorescence microscopies
showed homogeneous capture of cerebral tissue. Nano-liquid
chromatography−tandem mass spectrometry (nano-LC-MS/
MS) analysis of proteins harvested on the chip allowed the
identiﬁcation of 1158 diﬀerent species of proteins. The gene expression proﬁles of mRNA extracted from the imprint tool
showed great similarity to those obtained via the gold standard approach, which is based on post-mortem sections of the same
nucleus. Functional analysis of the harvested molecules conﬁrmed the spatially controlled capture of striatal proteins implicated
in dopaminergic regulation. Finally, the behavioral monitoring and histological results establish the safety of obtaining repeated
cerebral imprints in striatal regions. These results demonstrate the ability of our imprint tool to explore the molecular content of
deep brain regions in vivo. They open the way to the molecular exploration of brain in animal models of neurological diseases and
will provide complementary information to current data mainly restricted to post-mortem samples.
KEYWORDS: Neurodegenerative diseases, cerebral imprints, in vivo, tissue harvesting, proteomics, transcriptomics
With the demographic aging and the augmentation of the life
expectancy, age-related neurodegenerative disorders are an
increasing public health problem. Until now, the exact
pathogenetic mechanisms underlying the degenerative process
in neurological diseases are still not understood.1 In fact, the
relative inaccessibility of cerebral tissue impedes the molecular
analysis of pathological brain regions in the early postdiagnostic
stage. Although genomic expression studies2−5 or proteomic
analyses6−8 of human cerebral tissues permit correlation of
some biological pathways, including mitochondrial and
proteasomal dysfunctions or oxidative stress, to neurological
diseases, all of these results have been restricted to post-
mortem samples and are generally derived during advanced
disease stages. With the development of animal models of
neurodegenerative diseases in primates,9 accessibility to and
analysis of the brain at diﬀerent stages of degeneration is now
conceivable.10 However, this requires the sacriﬁce of the animal,
rendering impossible brain molecular follow-up in the same
animal.11 In fact, performing several biopsies in the same brain
regions is unthinkable because of the lesion eﬀects caused by
current biopsy tools.12 We recently developed a new tool
speciﬁcally adapted for brain tissue imprints. The harvesting
surface is based on a silicon chip, which harbors chemical and
structural modiﬁcations. During a surgical approach less
traumatic than biopsy, we demonstrated that this microchemi-
cally modiﬁed surface, when exposed to the speciﬁc investigated
brain area, provides local cellular capture. As a result of anionic
capture, both cells and extracellular matrices are harvested
providing a unique opportunity for in situ, spatially oriented
bioharvesting. On the basis of this concept, we have developed
a speciﬁc device for primate research. In this study, we assessed
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(i) the capacity of our tool to harvest brain molecules in the
putamen and caudate nucleus (i.e., striatum) of a healthy
monkey and (ii) the lesional eﬀects induced by repeated
targeting in basal ganglia. Molecular investigations on the tissue
captured by the silicon chip demonstrated the compatibility of
our strategy with large-scale transcriptomic and proteomic
studies. Furthermore, the behavioral monitoring of the animals
following repeated brain tissue imprints did not reveal any
obvious modiﬁcation. Finally, both the postmortem imaging
and histological analyses conﬁrmed the minimal lesion-eﬀect
induced by our tool.
■ RESULTS AND DISCUSSION
In this study, we present a new tool developed by our group
and designed to obtain cerebral imprints in the basal ganglia of
monkeys (Figure 1). This tool is based on a silicon chip, which
has been chemically and structurally modiﬁed. To prevent the
capture of tissue in nonspeciﬁc regions, the silicon chip is
hidden during the insertion and removal of the tool. Once the
tool is inserted into the targeted region, the silicon chip is
exposed via the window of the guide tube, allowing the tissue
imprint to be obtained. The main aims of this study were to
conﬁrm (i) the capacity to perform multimolecular analysis
from in vivo cerebral imprints and (ii) the safety of repeated
cerebral imprints in the basal ganglia. Five diﬀerent cerebral
imprints were performed at diﬀerent times in both caudate
nucleus and putamen of two diﬀerent monkeys. We performed
10 diﬀerent cerebral imprints in two monkeys, and only 8
imprints have been displayed in this study.
After each cerebral imprint, motor and ﬁnger-skill tests were
performed to monitor potential behavior modiﬁcations of each
monkey. Baseline assessment of the distances moved (Figure
2A) and the velocities of movement (Figure 2B) were
signiﬁcantly diﬀerent between the two monkeys (Mann−
Whitney test; distance moved, p value = 0.0089; velocity, p
value = 0.0091). However, for each monkey, repeated cerebral
imprints in the putamen and caudate nucleus had no signiﬁcant
eﬀect on the distances moved and the velocities of movement,
compared with their individual baseline values (Mann−
Whitney test; p value > 0.05). From the ﬁrst to the ﬁfth
imprint, behavior assessments were not progressively worsened,
conﬁrming there is no cumulative eﬀect induced by repeated
tool insertion (Figure 2C). The same results were obtained
with ﬁnger-skill tests (Figure 2D); the time required to pick up
rewards in three diﬀerent wells was signiﬁcantly diﬀerent
between the two monkeys at baseline (p value = 0.0002), while
for each monkey, no diﬀerence was observed before and after
cerebral imprints (p < 0.05). These results suggest that our tool
may allow repeated cerebral imprints in basal ganglia without
functional lesion-induced eﬀects.
To conﬁrm the in vivo capture of tissue on the silicon chip,
we performed scanning electron micrography (SEM). As
shown in Figure 3A, the cerebral imprint permitted
homogeneous capture of a thin layer of putamen tissue on
the silicon chip (left picture). A focus on the micropillar surface
showed the presence of a variety of cells (middle), including
elongated and adherent cells with extensive processes (right).
To identify the cell subtypes captured on the chip,
immunoﬂuorescence labeling was performed using antibodies
against GFAP and NeuN. As shown in Figure 3A, apart from
blood contamination, putamen tissue ﬁxed on the chip was
identiﬁed as neurons (NeuN positive nuclei) and astrocytes
(GFAP positive cells). These results demonstrate the ability of
the tool to harvest a homogeneous, thin layer of brain tissue.
Thus, a spatial cellular ﬁngerprint is obtained providing a
unique tridimensional spatially oriented biocapture.
To further characterize the molecular content of the freshly
harvested tissue, we used nano-liquid chromatography−tandem
mass spectrometry (nano-LC-MS/MS) to identify the captured
proteins.
We ﬁrst quantiﬁed the total protein amount present on the
chip. Four diﬀerent cerebral imprints performed in putamen
and caudate nucleus of both monkeys revealed an average
capture of 16.3 ± 4.8 μg of proteins. The qualitative capture of
diﬀerent proteins by the chip was assessed by both MS proﬁling
and 1D sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS−PAGE) migration (Figure 4A). Both techni-
ques revealed the harvesting of many diﬀerent mass proteins
despite the presence of hemoglobin around 15 kDa. In addition
to these approaches, we performed an extensive proteomic
characterization of the tissue harvested on the chip. The
amount of recovered material, approximately 16 μg of total
proteins, permitted analysis of the sample by nano-LC-MS/MS
and a total of 1158 diﬀerent proteins were identiﬁed and
considered for further analysis.
The presence of brain associated proteins such as glial
ﬁbrillary acidic protein (GFAP), neuronal speciﬁc septin 3,
synapsin 1, or neural cell adhesion molecules 1 and 2 (NCAM
1/2) conﬁrmed the harvesting of cerebral parenchyma. The
submission of these 1158 diﬀerent species to Ingenuity Pathway
Analysis13 for functional characterization highlighted 347 and
91 diﬀerent proteins, which have been described as implicated
in neurological and psychological disorders, respectively
(Figure 4C). These proteins are signiﬁcantly implicated in
brain speciﬁc signaling pathways such as axonal guidance and
synaptic long-term potentiation or depression but also in
neurological disease associated pathways such as Huntington or
Parkinson’s diseases (Table 1).
Figure 1. Tool design and X-ray scan of a cerebral imprint (A)
Schematic representation of the imprint tool. The guide tube prevents
the capture of nonspeciﬁc tissue during the descent. The exposure of
the silicon chip by a 180° rotation of the inner tool allows harvesting
of the desired tissue. (B) Picture of the imprint tool. (C) X-ray scan of
the monkey skull during the execution of a cerebral imprint in the
caudate nucleus. The window of exposure (white arrow) is easily seen.
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Figure 2. Motor activities of monkeys after repeated cerebral imprints. Distance moved (A) and velocity of movement (B). Animals were assessed by
the video system for 60 min before the ﬁrst cerebral imprint (PRE, n = 5) and after each imprint (POST, n = 5). Evolution of the distance moved
after each cerebral imprint (n = 5) for both monkeys (C). Finger skill tests (D). Animals were assessed by the time required to pick up three peanuts
in 1 cm wells before the ﬁrst (PRE, n = 15) and after each cerebral imprint (POST, n = 15). Data are presented as the means ± SD ** p < 0.01, ***
p < 0.001, Mann−Whitney test.
Figure 3. Microscopic observation of a cerebral imprint (A) Scanning
electron micrograph showing (left) the homogeneous capture of tissue
on the silicon chip, (middle) a variety of cells on the micropillar, and
(right) an elongated cell with extensive processes. (B) Immunostain-
ing of glial ﬁbrillary acid protein (GFAP) and neuronal nuclei (NeuN)
on the captured cerebral imprint. Astrocytes were identiﬁed as GFAP-
positive and NeuN-negative cells (top) and neurons showed NeuN-
positive nuclei without GFAP labeling (bottom). The chip was stained
for GFAP (red), NeuN (green), and Hoechst (blue).
Figure 4. Proteomic analysis of the cerebral imprint. Analysis of
proteins extracted from a cerebral imprint by 1D SDS-PAGE (A) and
mass spectrometry proﬁling (B). (C) Functional annotation of the
cerebral imprint proteome identiﬁed by nano-LC-MS/MS. The bar
graph represents the number of identiﬁed proteins in each disease or
disorder signaling pathways classiﬁed as the most signiﬁcant using the
Ingenuity Pathway Analysis software.
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Moreover, the identiﬁcation of α-synuclein,14 DJ-1,15 UCHL-
1,16 monoamine oxidase B,17 superoxide dismutase,18,19 and
tyrosine hydroxylase20 indicates that the cerebral expression of
relevant proteins for PD studies could be determined by our
approach in a living monkey. Finally, the identiﬁcation of
tyrosine hydroxylase and the signiﬁcant expression of both
dopamine receptor signaling and dopamine−DARPP32 feed-
back in cAMP signaling with IPA strongly suggest that the
cerebral imprint had been performed in a brain region with
dopaminergic activity, such as the putamen or caudate
nucleus.21−24 These results demonstrate the capacity of our
tool to harvest and identify relevant proteins in speciﬁc brain
regions.
Complementary to proteomics studies, microarray analysis
provides considerable information about molecular pathways
deregulated in neurodegenerative diseases,25 26 particularly in
PD.27−29 This technology measures the mRNA levels of all
known genes coding for proteins in a given sample
simultaneously.30 Because RNA is labile and subject to rapid
degradation, extraction and quality control are critical to ensure
a relevant analysis.31 In general, microarray analyses are
performed from post-mortem extracted RNA; here, we
analyzed expression levels of RNA extracted from the caudate
nucleus of a living primate. Two cerebral imprints were
successively performed in the same caudate nucleus, and total
RNA was extracted. We aimed to compare their similarity with
RNA extracted from post-mortem sections of the same caudate
nucleus, which is the gold standard method, used here as
control samples. First, quality was controlled; the quality of the
RNA extracted from the imprint tool was satisfactory and
similar to the post-mortem sample (rRNA 28S/18S ratio =
1.1). The analysis of the cerebral imprints revealed 27%
detected probe sets in common (i.e., 14691 out of 54675) with
95% reproducibility between the two imprints (Figure 5A) and
a high correlation (Figure 5B) between their expression in
imprint 1 (y) and 2 (x) (y = 1.0002x; r = 0.994). The control
sections showed a detection ratio of 28% and 85%
reproducibility between the two post-mortem sections (data
not shown). The comparison of cerebral imprints and post-
mortem sections revealed 89% detected probe sets in common
(Figure 5A), and the linear regression curve (Figure 5B)
revealed a great correlation between their expressions in
imprints (y) and control samples (x) (y = 1.0032x; r = 0.987).
These results revealed (i) the gene expression reproducibility of
two consecutive cerebral imprints and (ii) similarity with gene
expression of the gold standard post-mortem sections.
Functionally, the capture by our tool of mRNA previously
described by Bossers et al.28 as diﬀerently expressed in a PD
post-mortem caudate conﬁrmed our ability to reach relevant
transcriptomic information from our cerebral imprints.
The post-mortem MRI of one dissected brain conﬁrmed the
proper trajectories of our imprints (Figure 6B). GFAP staining
was used to visualize astrocytes around the imprint tool tracks,
because insertion of probes into the brain parenchyma induces
a glial reaction. An increase in the density of glial cells and the
length of glial cell processes is seen. Gliosis around imprint tool
tracks was investigated using qualitative analysis at light and
laser scanning microscopic levels of sections stained with the
astroglial marker GFAP and the pan-microglia marker Iba-1. In
the brain examined at 1 month after acute probe implantation,
large, strongly stained “reactive astroglial cells” were observed
around the probe tracks (Figure 6D). Increased GFAP staining
up to 300 μm was observed at the imprint tool implantation
site. In parallel, the Iba-1 staining was used to visualize
microglia composition in the brain tissue around the tools
acutely implanted with the imprint tool 1 month following
implantation. We did not observe any microglia activation
around the tracks; however, some macrophages were visualized
in the tracks, possibly related to localized microbleeding (data
not shown).









Parkinson’s signaling 1.00 × 10−3 18 5 27.8
Huntington’s disease
signaling
3.16 × 10−14 238 40 16.8
glioma invasiveness signaling 9.77 × 10−4 60 9 15.0
synaptic long-term
potentiation
1.74 × 10−5 114 16 14.0
dopamine receptor
signaling
3.39 × 10−5 95 13 13.7
amyotrophic lateral sclerosis
signaling
9.12 × 10−6 119 16 13.4
glutamate receptor
signaling
9.77 × 10−4 69 9 13.0




3.24 × 10−3 187 16 8.6
synaptic long-term
depression
1.29 × 10−2 147 12 8.1
aSignaling pathways signiﬁcantly represented by the identiﬁed proteins
from a putamen-targeted cerebral imprint. Pathways displayed in bold
are associated with Parkinson’s disease and putamen signaling. The
ratio is calculated as the number of proteins from the cerebral imprint
that map to the pathway divided by the total number of proteins
described as associated with the pathway (IPA DataBase).
Figure 5. Assessment of RNAs from the cerebral imprint in
comparison with RNAs from the corresponding post-mortem sections.
(A) Venn diagram representing the extent of overlap of probe sets
detected from RNA extracted from cerebral imprint and post-mortem
sections. (B) Linear regression curve representing the intensity of
expression of the common probe sets between cerebral imprints and
post-mortem sections.
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■ CONCLUSIONS
The ability to access cerebral tissue is mandatory to better
understand molecular mechanisms associated with neuro-
degeneration. The development of animal models such as the
MPTP-monkey for PD provided the possibility to access brain
tissue at diﬀerent stages of neurodegeneration. However, the
absence of an adapted tool for brain tissue harvesting limited
studies to post-mortem samples.
This work introduces a new tool that could inform about in
vivo molecular and cellular content of brain regions in monkey,
through the harvesting of a thin layer of tissue. Repeated
cerebral imprints in deep nucleus did not induce motor
impairments and provided speciﬁc proteomic and tran-
scriptomic information. In fact, one technical advance of this
tool resides in its ability to expose the capture surface once in
the targeted nucleus, preventing molecular contamination from
other tissues. The capacity to perform several imprints on the
same monkey at diﬀerent times in diﬀerent brain regions opens
the way to a personalized molecular follow-up of brain.
Diﬀerent nuclei could be simultaneously or successively
explored by proteomic or transcriptomic approaches to map
the living brain and to complete information provided from
post-mortem analyses. As classically observed after the
introduction of microsurgical tools in the human brain, cerebral
imprints also activated astrogliosis and induced microbleeding.
We should be aware about the tissue damages induced by the
tool introduction, which may aﬀect protein and mRNA
expression in targeted nuclei. In a context to understand
molecular modiﬁcations induced by neurodegenerative dis-
eases, imprint-induced modiﬁcations should be well charac-
terized and distinguished from those induced by a pathological
process through the use of unilateral model. Our approach
could also be helpful in experiments assessing the molecular
eﬀects of strategies such as high-frequency stimulation32 or
gene therapy.33
■ MATERIAL AND METHODS
Animals. Experiments were conducted on two cynomolgus
monkeys (Macaca fascicularis; CRP Port Louis, Mauritius): age 8
years old, weight 8 kg (monkey 1), and 10 years old, 11 kg (monkey
2). All experiments were carried out in accordance with the
recommendations of the European Community Council Directives
of 1986 (86/609/EEC), the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. The Ethics Committee of
Region Rhône-Alpes approved the experimental protocol. Animals
were kept with other congeners in an air-conditioned room under
standard conditions of temperature (23 ± 1 °C), humidity (65% ±
4%), light (12 h light/dark cycle), and food/water available ad libitum.
Surgical Procedure. After induction under general anesthesia with
ketamine−xylazine (10 mg−1 mg/kg, im, Imalgene, Centravet,
France), the monkey’s head was ﬁxed in a Kopf stereotaxic frame
(David Kopf Instruments, Tujunga, CA, USA). All operations were
performed under sterile conditions. Ventriculography was performed
by injecting a contrast medium into the anterior horn of the lateral
ventricle at 27 mm anterior to the interaural line and 2 mm lateral to
the midline with an angle of 20° anteroposteriorly. Positions of
anterior (AC) and posterior (PC) commissures were identiﬁed on a
sagittal radiograph. Cannulae were ﬁxed on the skull bone above the
right putamen at 3 mm posterior to AC and 11 mm lateral to the
midline, and above the right caudate nucleus at 3 mm anterior to AC
and 4.5 mm lateral to the midline, according to the stereotaxic atlas of
Macaca fascicularis (BrainInfo, University of Washington, http://
braininfo.rprc.washington.edu/). Analgesic/anti-inﬂammatory thera-
pies (ketoprofen 2 mg/kg, im) and antibiotics (amoxicillin/clavulinic
acid, 10 mg/kg, im) were administered during the postoperative
period.
The Imprint Tool. The imprint tool is composed of three
independent parts (Figure 1A,B). (1) A guide tube of 1-mm external
diameter with a window of 7-mm. The length of the window has been
chosen in accordance with the height of putamen and caudate nucleus
at the coordinates of the cannula location. (2) A tool of 0.6-mm
diameter with a dedicated space to support the silicon chip. (3) The
silicon chip of 7-mm with an anionic surface and micropillar design to
increase the interaction surface. Once inserted in the guide tube,
rotation of the tool by 180° exposes or hides the chip in the window.
Behavioral Monitoring. To assess the potential lesions induced
by brain imprints, cage activity levels were assessed in 1 h intervals
(each Tuesday 10:00), before the ﬁrst cerebral tissue imprint (control
phase; n = 5) and 4 days after each imprint (n = 5). Behavioral
measures, including distance traveled (m) and movement speed (cm/
s) were quantiﬁed from videotape recordings using an automated
video-tracking system, Ethovision (Noldus Information Technologies,
The Netherlands).34 The calibration of the software permitted
determination of the position of the animal based on x and y
coordinates, which were then used to calculate the diﬀerent motor
parameters.
At the end of each session, ﬁnger skill was also tested objectively by
measuring the mean time required to pick up peanuts in three 1 cm
diameter wells. The measure was included only if the monkey kept
focus on the wells until all the peanuts had been collected. Mann−
Whitney tests were performed using GraphPad InStat version 3.00
(GraphPad software, San Diego, California, USA).
Experimental Protocol. Every 15 days, under the same general
anesthesia and sterile conditions, the monkey’s head was ﬁxed in a
Kopf stereotaxic apparatus. The imprint tool was ﬁxed to the
stereotaxic manipulator. It was slowly inserted via the cannula so the
window was exclusively in the putamen (i.e., 23 mm below the dura)
Figure 6. Brain tissue imprinting in monkey: A combined MRI and histological analysis. (A) A coronal plane of the Rhesus monkey brain atlas with
the imprint tool trajectory. (B) Coronal MRI view of an imprint tool track in monkey caudate nucleus. (C) Photomicrograph showing cresyl violet
staining around an imprint tool track. Calibration bar = 200 μm. (D) Photomicrograph showing astrocytes (GFAP staining, green) and
counterstained cells (PI staining, red) around one imprint tool track (asterisk) following acute implantation in monkey caudate nucleus. Calibration
bar = 100 μm.
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or the caudate nucleus (i.e., 20 mm below the dura). The silicon chip
remained unexposed to the window during insertion of the cannula to
prevent nonspeciﬁc molecular ﬁxation. Once the cannula was inserted
into the target, the tool supporting the silicon chip was rotated by 180°
to expose the chip for 2 min, thus allowing the cerebral tissue to
imprint. The chip was then hidden by a new rotation of the inner tool
and the imprint tool was slowly removed from brain (Figure 1C).
Overall, 10 tissue imprints (5 in each nucleus) were performed for
both monkeys. Animals were sacriﬁed by sodium pentobarbital (150
mg/kg, iv) administration, and the brains were removed quickly after
death. One brain was immediately frozen by immersion in isopentane
(−45 °C) and then stored at −80 °C until molecular analysis. The
other brain was immersion-ﬁxed in 4% paraformaldehyde solution in
0.1 M phosphate buﬀer for 1 week and cryoprotected in 30% buﬀered
sucrose until it sank. A post-mortem MRI was performed on the brain
to conﬁrm the trajectory of the cannulae. The brain was imaged in a
Bruker Biospec USR AV III 4.7 T/400 mm scanner with a 600 mT/m
ﬁeld gradient interfaced with ParaVision 5.1 software (Bruker Biospec,
Wissembourg, Germany). Images were acquired in the coronal plane.
Histology. The brain, after MR imaging, was then rinsed in 0.9%
NaCl solution and frozen. Horizontal sections (50 μm) were collected
from the imprint sites using a cryostat (Leica Microsystems, Nussloch
GmbH). Some sections were processed to detect the implantation
sites using cresyl violet staining. Antibodies used were raised against
GFAP (rabbit polyclonal, diluted 1:1000, Dakocytomation, Glostrup,
Denmark) as a marker for astrocytes, and Iba-1 (rabbit polyclonal,
diluted 1:1000, Wako Chemicals GmbH, Neuss, Germany) was used
as a pan-microglia marker. Incubations for primary antibodies were
maintained overnight at 4 °C. After washing, the sections were
incubated in Alexa 488 secondary antibodies (diluted 1:1000,
Molecular Probes, Leiden, The Netherlands) for 1 h at room
temperature. Counterstaining cells for confocal laser scanning
microscopy was done with propidium iodide (Molecular Probes,
Leiden, The Netherlands). After additional rinsing, the sections were
mounted with Fluorsave (Merck KGaA, Darmstadt, Germany) and
bound primary antibodies were visualized on a confocal microscope
(Olympus, Hamburg, Germany).
Cerebral Imprint Microscopy. Two diﬀerent chips from
putamen were used for microscopy; one for scanning electron
micrography and one for immunoﬂuorescence.
Scanning electron micrography (SEM) was carried out to observe
the distribution of the tissue harvested by the silicon chip.
Immunoﬂuorescence was used to conﬁrm the presence of neurons
and astrocytes on the chip in contact with putamen tissue.
To ﬁx the tissue, the silicon chip was immersed into 1 mL of 4%
PFA in PBS buﬀer for 30 min.
For SEM, the chip was then dehydrated through an ascending series
of ethanol and critical point dried using CO2. The chip was examined
in an FEI Quanta 200 scanning electron microscope (FEI, Eindhoven,
The Netherlands).
Immunoﬂuorescence. After three washes in PBS, neurons and
astrocytes were stained using NeuN (mouse antibody clone A60,
Millipore) and GFAP antibodies (rabbit antibody, ab7260, abcam),
respectively, diluted at 1:200 in PBST (PBS buﬀer and 0.5% Triton-X-
100) for 1 h at RT. After three washes in PBST, the silicon chip was
incubated with secondary polyclonal antibodies conjugated to Alexa
488 (anti-mouse) and Alexa 568 (anti-rabbit) (1:1000 dilution,
Molecular Probes), and Hoechst 33258 at 2 μg/mL in PBST for 30
min at RT. After washes in PBST, the chip was mounted on glass
slides and observed with a Zeiss Axiovert 200 M inverted microscope.
Images were acquired using CoolSnap HQ (Photometrics) and a plan-
apochromat 63× oil objective (Zeiss) with a black and white camera
driven by the Metamorph software (Universal Imaging).
Proteomic Analysis. Two diﬀerent cerebral imprints performed in
putamen and two performed in caudate nucleus were used for
proteomic analysis. Once the cerebral imprint was performed, the
silicon chip was removed from the tool and rinsed 5 min in saline
buﬀer to minimize blood contamination prior to protein extraction in
8 M urea buﬀer for 30 min under agitation. The total protein amount
recovered from the tissue imprint was quantiﬁed by Bradford protein
assay (Bio-Rad Laboratories, Hercules, CA, USA). We performed MS
proﬁling using cationic ProteinChip arrays (CM10, Biorad). The
ProteinChips were equilibrated for 5 min with 150 μL of binding
buﬀer (100 mM sodium acetate at pH 4). Two micrograms of total
proteins was applied to each ProteinChip and incubated for 60 min at
room temperature. The arrays were washed three times with the
adequate binding buﬀer then rinsed with deionized water. After air-
drying, 0.8 μL of saturated sinapinic acid matrix (50% acetonitrile,
0.5% triﬂuoroacetic acid) was added twice to each array spot. Proﬁling
was performed on a MALDI mass spectrometer (Autoﬂex, Bruker) in
a linear mode;. 5400 laser shots were acquired for each sample with a
laser intensity of 55 and a matrix attenuation of 1000 Da. An extensive
examination of the protein extract was also performed from one
imprint by nano-LC-MS/MS. Fifteen micrograms of proteins was
diluted in Laemli buﬀer and loaded in duplicate on SDS−PAGE gel
(BioRad Laboratories) for protein electrophoresis migration. The gel
was stained with Coomassie blue and sliced in 12 bands prior to
iodoacetamide alkylation and in-gel digestion using trypsin. Peptides
were extracted from gel bands and dried in a SpeedVac. Peptides were
resuspended in 2% acetonitrile/0.2% formic acid buﬀer and injected
into a nano-liquid chromatography system (Ultimate 3000, Dionex)
coupled to an LTQ Orbitrap Velos (Thermo). Peptides were
separated using a micro-precolumn cartridge (C18 Pepmap 100, LC
Packings) and then separated using a 90 min RP gradient on a C18
column (Gemini C18 3 μm 100A, 75 μm × 150 mm).
Data were processed using Mascot server 2.3.0 (Matrix Science)
using following parameters: Enzyme=Trypsin/P with a maximum of
two missed cleavages, a mass tolerance of 10 ppm for MS and 1 Da for
MS/MS, with a ﬁxed modiﬁxation of carbamidomethyl (C), and two
variable modiﬁcations of acetyl (protein N-term) and oxidation (M).
Validation and false-positive rate assessment were performed using
IRMA and hEIDI softwares. Protein groups identiﬁed with a minimum
of two diﬀerent peptides were validated.
Our data set was further submitted to Ingenuity Pathway Analysis
software (Ingenuity Systems, Redwood City, CA) to perform the
functional characterization of the proteins recovered from the imprint
tool. This automatic annotation tool uses a knowledge database and
assigns proteins to functional classes or speciﬁc canonical pathways
(CP) related to various biological processes.13
Transcriptomic Analysis. Two diﬀerent cerebral imprints from
the same caudate nucleus were used for transcriptomic comparison.
Once the cerebral imprint was performed, the silicon chip was
removed and quickly immersed in 500 μL of the lysis buﬀer from the
mirVana isolation kit (Ambion, Applied Biosystems, Foster City, CA).
Then, total RNAs were extracted from the cerebral imprint using the
mirVana isolation kit, and their concentration was determined with the
measure of absorbance at 260 nm. Their quality and RNA integrity
were controlled by capillary electrophoresis migration using RNA
Nano 6000 kit and the Bioanalyzer 2100 (Agilent Technologies, Palo
Alto, CA). For microarray analysis, 200 ng of total RNA were
ampliﬁed with the GeneChip 3′ IVT Express Kit. First, total RNA was
reverse-transcribed using primers polydT-T7 promoter sequence;
cDNA was double-stranded synthesized and ﬁnally ampliﬁed with
biotinylated dNTP by the T7 RNA polymerase. Microarrays
experiments were carried out in accordance with the protocol
GeneChip Expression Wash, Stain and Scan from Aﬀymetrix. Brieﬂy,
15 μg of labeled cRNA was hybridized for 16 h at 45 °C on GeneChip
Human Genome U133 Plus 2.0 (Aﬀymetrix) corresponding to 54675
unique gene probe sets. The arrays were washed and stained with
streptavidin−phycoerythrin before scanning. The ﬂuorescence values
of each probe set signal, reported in arbitrary units, were processed
with MAS5 statistical algorithm to validate the probe set signal
“absent” or “ present”, and ﬁnally they were normalized between all
the arrays using the Robust Multichip Analysis (RMA) algorithm.
These algorithms are included in Aﬀymetrix expression console.
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Résultats II : Validation d’un nouvel outil pour la capture in vivo de tissu cérébral.   
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Résultats I : L’utilisation de NPs pour l’analyse protéomique du LCR.   
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2/,2',-&.-#/,!0'3!7&/-8#,'3!0'!4=82D.,-#44/,!0.,3!4='37/#&!0'!08-'2-'&!2'3!+.&C%'%&3A!?.,3!
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Résultats II : L’utilisation de NPs pour l’analyse protéomique du GR  
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3.,$%#,'d! 4'3! 2'44%4'3! 9/,-! &80%#&'! 4'%&! -.#44'd! 3'! 2D.&$'&! ',! D8+/$4/1#,'! 7/%&! Q#,.4'+',-!





B'--'! 7'&-'! 0'! ,/@.%! 3#$,#Q#'! .%33#! C%'! 4'! Oe! '3-! #,2.7.14'! 0'! &8$%4'&! 3/,! 2/,-',%!
7&/-8#C%'!l! %,! 0@3Q/,2-#/,,'+',-! 0'! 4='P7&'33#/,! 0'! 2'&-.#,'3! 7&/-8#,'3! ,='3-! 0/,2! 7.3!
2/+7',38!'-!7'%-!i-&'! &'37/,3.14'!0=D8+/7.-D#'3!389>&'3! Up'.-D'&.44!.,0!6&/9.,!:;;;Wd!
U6&/9.,! .,0! p'.-D'&.44! :;;;WdU?'4.%,.@! :;;XWA! B='3-! 7/%&C%/#! 4=.22>3! .%! 7&/-8/+'!
8&@-D&/2@-.#&'! '3-! %,! ',['%!+.['%&! 7/%&! 4=8-%0'! 0'! 2'3! 7.-D/4/$#'3A!5.4D'%&'%3'+',-! 4.!
7&83',2'! +.[/&#-.#&'! 0'! 4=D8+/$4/1#,'! 0/,-! 4.! C%.,-#-8! &'7&83',-'! ZS! m! 0'3! 7&/-8#,'3!
3/4%14'3!0%!Oe!&',0!0#QQ#2#4'! 4=#0',-#Q#2.-#/,!0'3!:m!&'3-.,-d! &'7&83',-8'3!7.&! 4'3!7&/-8#,'3!
+#,/&#-.#&'3A! ?'7%#3! 74%3#'%&3! .,,8'3! 0#QQ8&',-'3! 3-&.-8$#'3! /,-! 8-8! 089'4/778'3! .Q#,!
Résultats II : L’utilisation de NPs pour l’analyse protéomique du GR  
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$#$+1.)."$#/"+$6,+"?',,"X4$#()?)*$()%#"/,5%#.('$(,/"<)>"$"
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&MM(.3#;&C/-G9A9;.0CH>9&0B9#C>9;&#09"20'C#.09 #>9.3GE/09
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1:K9 M(.C/#09 #B/0C#"#'&C#.0>$9 V09 7ZZA+9 [&QH0#&>H6#-#9 #+( 2'D9
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QJ ?,'%12)&,')*"(*8"$)O"%(&6")J*
?.,3! 2'-! .&-#24'd! ,/%3! 08+/,-&/,3! 7/%&! 4.! 7&'+#>&'! Q/#3! 4=#,-8&i-! 0'! 4=%-#4#3.-#/,! 0'! M63!




5Ld! 7%#3! #0',-#Q#8'3! '-! C%.,-#Q#8'3! ',! 5Lc5L! 2/,Q#&+'! ,/-&'! 2.7.2#-8! \! .2280'&! .%!
7&/-8/+'!+#,/&#-.#&'!0.,3!%,!82D.,-#44/,!/t!4.!7&/-8#,'!+.[/&#-.#&'!&'7&83',-'!ZS!m!0'!4.!
+.33'!7&/-8#C%'!-/-.4'A!B'3!&83%4-.-3!/%9&',-!,.-%&'44'+',-! 4.!9/#'!.%!7&/Q#4.$'!7&/-8#C%'!
0%! Oe! 0.,3! 0'3! 7.-D/4/$#'3! C%#! .QQ'2-',-! 0#&'2-'+',-! 4'3! Q/,2-#/,3! 8&@-D&/2@-.#&'3! -'44'3!
C%'!4'3!.,8+#'3!/%!4'3!7/4@2@-D8+#'3!Up'.-D'&.44!.,0!6&/9.,!:;;;Wd!U6&/9.,!.,0!p'.-D'&.44!
:;;;WA!O&k2'! .%P! .77&/2D'3! 0'! 7&/-8/+#C%'! C%.,-#-.-#9'd! ,/%3! 7/%&&#/,3! .#,3#!+'--&'! ',!
89#0',2'! 0'3! 0#QQ8&',2'3! 0='P7&'33#/,! .Q#,! 0=#0',-#Q#'&! 4'3! 7&/-8#,'3! .33/2#8'3! \! 2'3!
D8+/7.-D#'3A!!
?'!+.,#>&'!74%3!3%&7&',.,-'d!4=.,.4@3'!Q/,2-#/,,'44'!0'3!7&/-8#,'3!#0',-#Q#8'3!0.,3!4'!Oe!.!
+#3! ',! 89#0',2'! 0'3! 9/#'3! 0'! 3#$,.4#3.-#/,! ,/&+.4'+',-! #,.2-#9'3! 0.,3! 4'3! Oe! +.-%&'3!
.,%24883d!-'44'3!C%'!4'3!9/#'3!q*VcLN*Nd!+N_e!/%!6G<Vc*VNA!J.!7D/37D/&@4.-#/,!&89848'!0'!
2'&-.#,'3! 7&/-8#,'3! 0'! 2'3! 9/#'3d! 0.,3! 4'3! 2'44%4'3! 3/%2D'3! D8+.-/7/s8-#C%'3d! '3-!
&'37/,3.14'!0'!7/4@2@-D8+#'3! Uq.+'3d!j$/!'-! .4A! :;;aW!/%!0'! 4'%28+#'3!+@84/#0'3! .#$%'3!
UN/K.-.&#d!G#0.!'-!.4A!(ZZXWd!UÅ%d!L#+73/,!'-!.4A!:;;<WA!G4!3'+14'&.#-!0/,2!C%=.%!3-.0'!Q#,.4!0'!
4=8&@-D&/7/s>3'd!4'!Oe!.22'33#14'!7.&!%,'!3#+74'!7&#3'!0'!3.,$!2/,-#',,'!',2/&'!4'3!7&/-8#,'3!
0'! 3'3! 7&/$8,#-'%&3! 7&83',-3! '%P! 0.,3! 4.! +/'44'! /33'%3'A! G4! '3-! 0/,2! ',9#3.$'.14'!
0=#0',-#Q#'&! 0'3! 0@3Q/,2-#/,,'+',-3! 7&/-8#C%'3! .33/2#83! .%P! 2'44%4'3! 3/%2D'3!
D8+.-/7/s8-#C%'3!'-c/%!.%-&'3!7&/$8,#-'%&3!\! -&.9'&3! 4=.,.4@3'!7&/-8/+#C%'!0%!OeA!B'--'!
.77&/2D'! /&#$#,.4'! '-! +/#,3! #,9.3#9'! C%=%,'! 7/,2-#/,! 0'! +/'44'! /33'%3'! 9#',0&.#-! .#,3#!
2/+748-'&! 4'3!.,.4@3'3! &8.4#38'3! 3%&! 4'3!7&/$8,#-'%&3!,%24883!0.,3! 2'3!7.-D/4/$#'3! Uq.+'3d!
j$/!'-!.4A!:;;aWd!UO/Dd!q/34'@,!'-!.4A!:;;XWdUj$/d!5.&E.2!'-!.4A!:;;RWA!
Y,Q#,! 4=.,.4@3'!7&/-8/+#C%'!0%!Oe!7'%-! 3=.98&'&!%-#4'!0.,3! 4.!+.4.0#'!0'!6.&F#,3/,! U56Wd!
7/%&!4.C%'44'!4'!3-&'33!/P@0.-#Q!.%!,#9'.%!0'!4.!LM2!#,-'&9#',0&.#-!0.,3!4.!7.-D/$8,>3'!'-c/%!
4.!7&/$&'33#/,!0'!4.!+.4.0#'!Uq',,'&!:;;<WA!J.!+#3'!',!89#0',2'!0=%,'!08Q.#44.,2'!$8,8&.4'!
Résultats II : L’utilisation de NPs pour l’analyse protéomique du GR  
RX!
0%! 3@3->+'!0'! &8$%4.-#/,!0%! 3-&'33!/P@0.-#Q!7/%&&.#-! 2/,3-#-%'&!%,! Q.2-'%&!0'! &#3C%'!0'! 4.!
56A! ?'! 7.&! 3.! Q/,2-#/,! 0'! -&.,37/&-! 0'! 4=/P@$>,'d! 4'! Oe! '3-! 3/%+#3! \! %,! 3-&'33! /P@0.-#Q!
#+7/&-.,-!l! '-! %,'! 0#+#,%-#/,! 0='P7&'33#/,! 0'3! ',E@+'3! .,-#^/P@0.,-'3! U4.! 3%7'&/P@0'!
0#3+%-.3'd! 4.!2.-.4.3'!'-! 4.!$4%-.-D#/,!7'&/P@0.3'W!.!8-8!+#3'!',!89#0',2'!0.,3!4'3!Oe3!0'!
7.-#',-3! .--'#,-3! 0'! 4.! 56! U*1&.D.+d! L/%,0.&.&.[.,! '-! .4A! :;;aWA! J=.,.4@3'! 7&/-8/+#C%'!
C%.,-#-.-#9'!7'&+'--&.#-! 4.!2/,Q#&+.-#/,!0'!2'3!&83%4-.-3!+.#3!.%33#! 4=#0',-#Q#2.-#/,!0=.%-&'3!
7&/-8#,'3! +/0#Q#8'3! 0.,3! 4'3! Oe3! 0'! 7.-#',-3! 7.&F#,3/,#',3A! Y,! 74%3! 0=%,! 3-&'33! /P@0.-#Q!
#+7/&-.,-d!4.!7&83',2'!0.,3!4'!2@-/3/4!8&@-D&/2@-.#&'!0'!4=.47D.!3@,%248#,'!'-!?q^(!Uf.&1/%&d!
V4#,$!'-! .4A! :;;SWdUM.F.#d! "%[#-.!'-! .4A! :;;XWd!0'%P!7&/-8#,'3!7&83',-'3!.%33#!0.,3! 4.! LM2!'-!
.33/2#8'3! .%P! Q/&+'3! Q.+#4#.4'3! 0'! 4.!56d! 4.#33'! ',9#3.$'&! C%'! 0'3! 8-%0'3! 3%&! 4'!Oed! 74%3!
.22'33#14'! C%'! 4'3! ,'%&/,'3! 0/7.+#,'&$#C%'3! 0'! 4.! LM2d! .#0'&.#',-! \! 2/+7&',0&'! 4'! &n4'!
'P.2-!0'!2'3!7&/-8#,'3!0.,3!%,!',9#&/,,'+',-!/t!&>$,'!%,!Q/&-!3-&'33!/P@0.-#QA!
Résultats III: L’utilisation de NPs pour l’analyse protéomique du plasma sanguin  
RS!





+.&C%'%&3!+/482%4.#&'3d!'3-! 4'!3.,$d!/%!74%3!7&82#38+',-!3.! Q&.2-#/,!7&/-8#C%'!)! 4'!74.3+.!
U*,0'&3/,! .,0! *,0'&3/,! :;;:WA! J'! 74.3+.! 3.,$%#,! '3-! 2/,3#08&8! 2/++'! %,! &83'&9/#&!
%,#9'&3'4! 0'! +.&C%'%&3! +/482%4.#&'3!l! ',! 'QQ'-d! 4.! 74%7.&-! 0'3! 2'44%4'3! 0%! 2/&73! D%+.#,!
4#1>&'&.#',-d! ',! 7'&+.,',2'! 0.,3! 4'! 3.,$d! 0'3! 7&/-8#,'3! #,Q/&+.,-! 0'! 4'%&! 8-.-!
7D@3#/7.-D/4/$#C%'! \! %,! #,3-.,-! 0/,,8! UJ#/--.d! "'&&.&#! '-! .4A! :;;<WA! B'! 7.&.0#$+'! 3#$,#Q#'!
C%=',!-D8/&#'!4'!74.3+.!2/,-#',0&.#-!4'3!+.&C%'%&3!+/482%4.#&'3!0'!-/%-'3!4'3!+.4.0#'3!l!2'!
C%#!'P74#C%'!4=',$/%'+',-!0'!4.!7&/-8/+#C%'!7/%&!2'!Q4%#0'!1#/4/$#C%'!',!9%'!0'!7&89',#&d!
0#.$,/3-#C%'&! /%! 89.4%'&! 4='QQ'-! 0=%,! -&.#-'+',-! 3%&! %,'! 7.-D/4/$#'A! J=#0',-#Q#2.-#/,! 0'!
7&/-8#,'3! 0=/&#$#,'! -#33%4.#&'! '-! &'-&/%98'3! 'P7&#+8'3! 0#QQ8&'++',-! 0.,3! 4'! 3.,$! 0.,3! %,!
2/,-'P-'! 7.-D/4/$#C%'! .! 2/,Q/&-8! 2'! 7.&.0#$+'!)! 4=.%$+',-.-#/,! 0'! 4.! -&/7/,#,'! G! '-! N!
U*,-+.,d! N.,.3#['9#2! '-! .4A! (ZZTW! 0.,3! 4=#,Q.&2-%3! 0%! +@/2.&0'! /%! ',2/&'! 2'44'! 0'! 4.!
w!7&/3-.-'!37'2#Q#2!.,-#$',!! U6L*Wx!0.,3! 4'3!7.-D/4/$#'3!0'! 4.!7&/3-.-'! Up.,$d!6.73#0'&/!'-!
.4A!(ZS(W!',!3/,-!0'3!'P'+74'3A!
EV 3R-'-1T)"*O$,(5,#&W2"*/2*O1-)#-*)-'M2&'*
5.4D'%&'%3'+',-d! Q.2'!\! 4=#+7/&-.,-'!C%.,-#-8!0=#,Q/&+.-#/,!$8,8&8'!7.&! 4'3!,/+1&'%3'3!
8-%0'3! 0=%,! 2/-8d! '-! 4=.13',2'! 0'! &83%4-.-3! 2/,2&'-3! 0.,3! 4.! 082/%9'&-'! 0'! ,/%9'.%P!
+.&C%'%&3!+/482%4.#&'3!74.3+.-#C%'3!0'!4=.%-&'d!/,!,'!7'%-!C%'!2/,3-.-'&!4=82D'2!.2-%'4!0'!
4.!7&/-8/+#C%'!0.,3!2'!2D.+7!0'!&'2D'&2D'A!B'-!82D'2!3='P74#C%'!7.&!4=8,/&+'!2/+74'P#-8!
0%! 7&/-8/+'! 3.,$%#,! U*,0'&3/,! .,0! *,0'&3/,! :;;:WA! B/,-&.#&'+',-! .%! JBe! C%#! 0&.#,'!
%,#C%'+',-!4'!3@3->+'!,'&9'%P!2',-&.4d!4'!3.,$!0&.#,'!-/%3!4'3!/&$.,'3!0%!2/&73!D%+.#,!'-!
9.! 2/,-',#&! 4'! 7&/-8/+'! 0'! 2D.2%,! 0=',-&'! '%PA! J.! &'2D'&2D'! 0'! 7&/-8#,'3! 0.,3! 4'! 3.,$d!
3782#Q#C%'3! 0=%,! -#33%! 7.-D/4/$#C%'d! 9.! i-&'! 2/+74#C%8'! 7.&! 4.! 7&83',2'! 0'3! 7&/-8#,'3!
7&/9',.,-! 0'! -/%3! 4'3! .%-&'3! -#33%3! w!3.#,3!xA! ?'! 74%3! 4.! 7&83',2'! 0=%,'! 9#,$-.#,'! 0'!




7.&! 4'3! 37'2-&/+>-&'3! 0'! +.33'! .2-%'43d! 4'! (! m! &'3-.,-! .%! 3'#,! 0%C%'4! &83#0',-d! \! 0'3!
2/,2',-&.-#/,3! -&>3! Q.#14'3! 4'3! 7/-',-#'43! +.&C%'%&3! +/482%4.#&'3A! Y,! 'QQ'-d! 4.! $.++'! 0'!
2/,2',-&.-#/,!0.,3!4'!74.3+.!'3-!0'!(;!/&0&'3!0'!$&.,0'%&!.9'2!4=.41%+#,'!2/,2',-&8'!\!a;!
+$c+J!'-! 4'3! #,-'&4'%F#,'3!.%-/%&!0%!7$c+J!l! 4'3! 37'2-&/+>-&'3!0'!+.33'! 4'3!74%3! &82',-3!
/,-! %,'! $.++'! 0@,.+#C%'! 0'! a! /&0&'3! 0'! $&.,0'%&! 3'%4'+',-A! ?.,3! 4=.--',-'! 0%!
089'4/77'+',-! 0'! 37'2-&/+>-&'3! 0'! +.33'! 74%3! 7'&Q/&+.,-3d! 4.! 3'%4'! .4-'&,.-#9'! \!
4=#0',-#Q#2.-#/,! 0'3! 7&/-8#,'3! +#,/&#-.#&'3! '3-! 0'! &80%#&'! 4.! $.++'! 0'! 2/,2',-&.-#/,!
7&/-8#C%'!0.,3! 4'!74.3+.A!6/%&!2'4.d!0'3!2/4/,,'3!0'!08748-#/,!0'3!7&/-8#,'3!+.[/&#-.#&'3!
74.3+.-#C%'3! /,-! 8-8! 089'4/778'3A! ?#QQ8&',-'3! 8-%0'3! /,-! 08+/,-&8! 4='QQ#2.2#-8! 0'! 2'3!
2/4/,,'3! \! 08748-'&! 4'3! 7&/-8#,'3! +.[/&#-.#&'3! Uf[/&D.44d! 5#4#/-#3! '-! .4A! :;;aWd! UL-'+7Q'&d!
V%1#2'F!'-!.4A!:;;SWA!B'7',0.,-!2'--'!08748-#/,!3'!-&.0%#-!.%33#!7.&!4.!7'&-'!0'!,/+1&'%3'3!
.%-&'3! 7&/-8#,'3d! 4#8'3! .%P! 7&/-8#,'3! +.[/&#-.#&'3! C%#! 4'%&! 3'&9',-! 0'! 2.&$/! 7/%&! 2#&2%4'&!
0.,3!4'!3.,$!ULD',d!V#+!'-!.4A!:;;aWA!!
q(-'(* /,''5* 1-* %-O-%&(5* /")* 98)* #-M'5(&W2")* #,/&\&5")* %U&#&W2"#"'(* e*
%,')&/5$-41"#"'(*-2M#"'("$*1"*',#4$"*/"*O$,(5&'")*&/"'(&\&5")*/-')*1"*3?!*,2*1"*1T)-(*/"*
F!`* "'* $5/2&)-'(* 1-* %,'%"'($-(&,'* /"* O$,(5&'")* #-f,$&(-&$")* %,##"* 1R-142#&'"* "(*





&82%78&8! 0.,3! 0'3! -%1'3! Y?N*! '-! 2',-&#Q%$8! (;!+#,! \! :;;;$A! J'! 3%&,.$'.,-! 2/,3-#-%8! 0%!
74.3+.!3.,$%#,!.!8-8!&82%78&8!'-!2/,3'&98!\!^S;ÇB![%3C%=.%!+/+',-!0'!4=.,.4@3'A!
EV :$-&("#"'(*-6"%*1")*98)*
G2#d! :! -@7'3! 0#QQ8&',-3! 0'! M63! /,-! 8-8! %-#4#383!)! Q4%#05*O^_L! '-! Q4%#05*O^6**A! J'%&3!
2.&.2-8&#3-#C%'3!74%3!08-.#448'3!3/,-!0#37/,#14'3!',!.,,'P'A!M/%3!.9/,3!.%33#!-'3-8!:!-.#44'3!
0'!M63)!(;;!'-!:;;!,+A!J'3!C%.,-#-83!0'!M63!\!#,2%1'&!.9'2!4'!74.3+.!/,-!8-8!2.42%48'3!0'!
Résultats III: L’utilisation de NPs pour l’analyse protéomique du plasma sanguin  
a;!














0%! ?&! f'&,.&0! 5/,3.&&.-! \! N/%4/%3'd! 3'4/,! 4'! +i+'! 7&/-/2/4'! C%'! 2'4%#! %-#4#38! 7/%&!
4=.,.4@3'!0%!JBe!'-!0%!OeA!
















































B/++'! /,! 7'%-! 4'! 2/,3-.-'&! 3%&! 2'3! 7&/Q#43! 0'! +#$&.-#/,! L?L^6*OY! U"#$%&'! :TWd! 4'3!
82D.,-#44/,3!74.3+.-#C%'3!-&.#-83!.9'2! 4'3!M63!&89>4',-!0'3!7&/Q#43!7&/-8#C%'3!0#QQ8&',-3!0%!
74.3+.! 1&%-d! ,/,! -&.#-8A! Y,! 'QQ'-d! 4'! 7&/Q#4! 7&/-8#C%'! 0%! 74.3+.! 1&%-! &89>4'! %,'! 1.,0'!
+.[/&#-.#&'! UQ4>2D'! 14'%'W! C%#! 2/&&'37/,0! \! 4.!+.33'!+/482%4.#&'! 0'! 4=.41%+#,'!l!-&>3! 7'%!
0=.%-&'3!1.,0'3!3/,-!9#3#14'3A!Y,!&'9.,2D'd!4'3!R!82D.,-#44/,3!-&.#-83!7.&!4'3!M63!&89>4',-!0'3!
7&/Q#43! 7&/-8#C%'3! 1#',! 74%3! &#2D'3! .9'2! 4=.77.&#-#/,! 0'! ,/+1&'%3'3! 1.,0'3! 3%&! -/%-!







0#QQ8&',-'3!2D#+#'3!7&83',-'3!\! 4.! 3%&Q.2'!0'3!M63A! J=%-#4#3.-#/,!0'!0#QQ8&',-3! -@7'3!0'!M63!

































*Q#,! 0'! +#'%P! 89.4%'&! 4.! 2.7.2#-8! 0'3! M63! \! .2280'&! 74%3! 4.&$'+',-! .%! 7&/-8/+'!









.9/#&! %,'! #,Q4%',2'! 3%&! 4'! ,/+1&'! 0'! 7&/-8#,'3! 0#QQ8&',-'3! 2.7-8'3A! Y,! &'9.,2D'd! 3#! /,!
&'$.&0'! 4=#0',-#-8! 0'3! 7&/-8#,'3d! /,! /13'&9'! 0'! ,/+1&'%3'3! 0#QQ8&',2'3! 7.&+#! 4'3!
82D.,-#44/,3d!',!Q/,2-#/,!0'!4.!2D#+#'!'-!0'!4.!-.#44'!0'3!M63!U"#$%&'!:SW!!






















































4'3! R! 82D.,-#44/,3d! 4=%-#4#3.-#/,! 0'! M63! .! +#3! ',! 89#0',2'! %,'! 4#3-'! 0'! TSR! 7&/-8#,'3!
0#QQ8&',-'3d!\!7.&-#&!0=%,!9/4%+'!-/-.4!0'!74.3+.!0'!:!+4!l!Z;!m!0'3!(S<!7&/-8#,'3!#0',-#Q#8'3!
0.,3! 4'!74.3+.!1&%-! 3/,-! &'-&/%98'3!0.,3! 2'--'! 4#3-'A!B'3! &83%4-.-3!0'9&/,-!i-&'! 2/,Q#&+83!
7.&!0'3!&874#2.-3!l!#43!+'--&.#',-!.#,3#!',!89#0',2'!4.!2/+748+',-.&#-8!0'!2.7-%&'!0'3!M63d!'-!
4=#,-8&i-! 0'! 2/+1#,'&! 0#QQ8&',-'3! 3%&Q.2'3! ,.,/7.&-#2%4.#&'3! .Q#,! 0=#0',-#Q#'&! 0'3! 3/%3!
7&/-8/+'3! 74.3+.-#C%'3A! B'--'! .77&/2D'! 7/%&&.#-! i-&'! %-#4#38'! ',! 9%'! 0=#0',-#Q#'&! 0'3!
+.&C%'%&3!+/482%4.#&'3!7.-D/4/$#C%'3!2#&2%4.,-!0.,3!4'!3.,$A!
Résultats IV: Vers l’utilisation de NPs in vivo pour l’analyse protéomique du plasma sanguin  
aR!
.CJ C"$)* 1R2(&1&)-(&,'* "#! 6&6,* /"* 98)* O,2$* 1-* %-O(2$"* /"*
O$,(5&'")*/-')*1"*)-'MJ*
LJ .'($,/2%(&,'*M5'5$-1"*




4#8! \! 4.! 0#3-.,2'! ',-&'! 4'! 4#'%! 0'! 7&84>9'+',-! '-! 2'4%#! 0'! -&.#-'+',-! 0'! 4=82D.,-#44/,d! 4'3!
7&/-8#,'3!0%!3.,$!3/,-!3%['--'3!\!%,'!08$&.0.-#/,d!0%'!\!4=.2-#9#-8!0'3!0#QQ8&',-'3!7&/-8.3'3!
',0/$>,'3!7&83',-'3A!Y,!74%3!0'! 4.!08$&.0.-#/,!7&/-8#C%'d! 4.! 4#18&.-#/,!0=#,-'&4'%F#,'3!/%!
0'! Q.2-'%&3! 0'! 2&/#33.,2'! 7.&! 4'3! +/,/2@-'3d! 4'3! 4@+7D/2@-'3! /%! 4'3! 74.C%'--'3! 9.! .%33#!
+/0#Q#'&!4'!2/,-',%!+/482%4.#&'!0%!74.3+.!Uf/@.,-/,!.,0!f4#2F!:;;:WA!j,'!8-%0'!+',8'!7.&!
*@.2D'!+-#)%*!U*@.2D'd!6.,'44#!'-!.4A!:;;TW!.!08+/,-&8!4=.%$+',-.-#/,!0'!<X!Q.2-'%&3!3/4%14'3!
0.,3!0'3!82D.,-#44/,3! 3.,$%#,3! &'3-83!:!D!\! -'+78&.-%&'!.+1#.,-'A!B'3!7D8,/+>,'3!9/,-!
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Résultats IV: Vers l’utilisation de NPs in vivo pour l’analyse protéomique du plasma sanguin  
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Résultats IV: Vers l’utilisation de NPs in vivo pour l’analyse protéomique du plasma sanguin  
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Résultats IV: Vers l’utilisation de NPs in vivo pour l’analyse protéomique du plasma sanguin  
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Conclusions générales et perspectives.   
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28&81&.4'3!.QQ'2-8'3!7.&!%,'!7.-D/4/$#'A!?.,3!4.!56d!4.!0#QQ#2%4-8!\!.2280'&!.%!-#33%!28&81&.4!
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Conclusions générales et perspectives.   
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-'+73d! 0.,3! 4'! +i+'! ,/@.%d! '-! 2D'E! 4'! +i+'! .,#+.4d! 3.,3! ',$',0&'&! 0'! 483#/,3!
Q/,2-#/,,'44'3A!j,'!-'44'!.77&/2D'!7&83',-'!%,!#,-8&i-!2'&-.#,!0.,3!0'3!8-%0'3!7&824#,#C%'3!
2D'E! 4=.,#+.4d! 9#3.,-! \! 082&@7-'&! 4.! 2D&/,/4/$#'! 0=89>,'+',-3!+/482%4.#&'3! .33/2#83! \! %,!
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Conclusions générales et perspectives.   
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+/482%4.#&'! 0'! 4.! ,'%&/08$8,8&'32',2'! 0/7.+#,'&$#C%'A! J.! &8.4#3.-#/,! 0='+7&'#,-'3!
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